Abstract: All-cellulose composites with a potential application as food packaging films were prepared by dissolving microcrystalline cellulose in a mixture of trifluoroacetic acid and trifluoroacetic anhydride, adding cellulose nanofibers, and evaporating the solvents. First, the effect of the solvents on the morphology, structure, and thermal properties of the nanofibers was evaluated by atomic force microscopy (AFM), X-ray diffraction (XRD), and thermogravimetric analysis (TGA), respectively. An important reduction in the crystallinity was observed. Then, the optical, morphological, mechanical, and water barrier properties of the nanocomposites were determined. In general, the final properties of the composites depended on the nanocellulose content. Thus, although the transparency decreased with the amount of cellulose nanofibers due to increased light scattering, normalized transmittance values were higher than 80% in all the cases. On the other hand, the best mechanical properties were achieved for concentrations of nanofibers between 5 and 9 wt.%. At higher concentrations, the cellulose nanofibers aggregated and/or folded, decreasing the mechanical parameters as confirmed analytically by modeling of the composite Young's modulus. Finally, regarding the water barrier properties, water uptake was not affected by the presence of cellulose nanofibers while water permeability was reduced because of the higher tortuosity induced by the nanocelluloses. In view of such properties, these materials are suggested as food packaging films.
Introduction
The massive use of petroleum-based plastics in disposable food packaging materials has triggered a global social concern, mainly because of the pollution derived from their synthesis and the related littering problems [1] [2] [3] [4] . For this reason, a new model of economic activity, namely "circular economy," has emerged [5] [6] [7] . Among the different proposals of a circular economy applied to these plastics, the production of bio-based plastics from alternative feedstocks such as agro-food by-products and Nanomaterials 2019, 9, 368 3 of 14 shorter than the other and labeled as sNF and lNF, respectively) were purchased from Nanografi (Ankara, Turkey) and used as received. These nanofibers were prepared from wood pulp by using mechanical methods and commercialized as dry powders.
Fabrication of All-Cellulose Nanocomposites
The preparation of all-cellulose nanocomposites was carried out as follows: first, MCC (450 mg) was dissolved in 30 mL of TFA:TFAA (2:1, v:v) in a 50 mL closed flask and stirred at 50 • C until the solution was completely clear (~1 h). Later, cellulose nanofibers (4.5, 22.5, 45, 90 and 135 mg) were mixed with 30 mL chloroform and dispersed by three consecutive 30 s ultrasound cycles using a 3.2 mm diameter tapered microtip at 10% amplitude attached to a VCX 750 ultrasonic processor (Sonics & Materials, Inc., Newtown, CT, USA). Then, both solutions were blended together and cast in glass Petri dishes. The mixture of solvents was completely evaporated after 1 day under an aspirated hood, originating freestanding films. Pure cellulose films were also prepared as a control using the same protocol in order to study the role of the nanofibers as reinforcement of the cellulose matrix. Similarly, to analyze the effect of the solvents on the nanocelluloses, the nanofibers were subjected to the above treatment but without adding MCC. All samples were stored at 44% relative humidity (RH) for 7 days before analysis to ensure the reproducibility of the measurements. Table 1 summarizes the label and the final composition of the different samples. 
Morphological Characterization
Atomic force microscopy (AFM) images were acquired using a Nanotec microscope (Nanotec, Madrid, Spain) in low amplitude dynamic mode. Levers used were Nanosensors PPP-NCH (NanoWorld AG, Neuchâtel, Switzerland) with a tip radius curvature less than 10 nm and a resonance frequency of 295 kHz (29 N/m force constant). Samples were prepared from sonicated diluted dispersions (0.1 mg/30 mL water) by placing a 10 µL drop on a freshly cleaved mica muscovite piece (~1 cm 2 ) and allowing to dry overnight inside a Petri dish. The width and length of the nanofibers were measured with WSxM software [53] . Approximately 100 measurements were taken to obtain each width and length distribution.
High-resolution scanning electron microscopy (SEM) imaging was carried out using a JEOL JSM 7500FA (Jeol, Tokyo, Japan) equipped with a cold field-emission gun (FEG), operating at 15 kV acceleration voltage. The samples were coated with a 10 nm thick film of carbon using an Emitech K950X high-vacuum turbo system (Quorum Technologies Ltd., East Sussex, Lewes, UK). Imaging was performed with the secondary electrons to analyze the morphology of the samples.
Optical Characterization
Transparency was determined as the normalized transmittance according to the standard ASTM D1746 by using a ultraviolet (UV) spectrophotometer Varian Cary 6000i (USA) [54] . For this, samples were cut into rectangular pieces and placed directly in the spectrophotometer test cell. An empty test cell was used as a reference. Five measurements were taken from different samples and the results were averaged to obtain a mean value. Normalized transmittance, in percentage, was calculated as indicated below:
where %T is the transmittance at 600 nm and b is the thickness of the sample (mm).
Structural Characterization
X-ray diffraction (XRD) patterns were recorded on a Rigaku SmartLab X-ray powder diffractometer equipped with a 9 kW CuKα rotating anode (Rigaku, Tokyo, Japan), operating at 40 kV and 150 mA. A Göbel mirror was used to convert the divergent X-ray beam into a parallel beam and to suppress the Cu Kβ radiation. The specimens were analyzed at room temperature using a zero diffraction quartz sample holder. XRD data analysis was carried out using PDXL 2.1 software from Rigaku. The crystallinity index (CrI) was determined by using the empirical method proposed by Segal et al. [55] :
where I is the intensity of the peak assigned to (002) crystal plane of cellulose located at 21−23 • and I is the intensity of the diffractogram of the amorphous cellulose at 18−19 • . In addition, the crystallite size of cellulose (D) was estimated by Scherrer's Equation:
where K is a constant of value 0.94, λ is the X-ray wavelength (0.15418 nm), θ is the diffraction angle for the (200) plane, and β is the peak width at half the maximum intensity (calculated from peak deconvolution when necessary).
Mechanical Characterization
The mechanical properties of the films were measured by uniaxial tensile tests on a dual column Instron 3365 universal testing machine. Dog-bone-shaped samples were stretched at a rate of 5 mm/min. All the stress-strain curves were recorded at 25 • C and 44% RH. Ten measurements were conducted for each sample and the results were averaged to obtain a mean value. From the stress-strain curves, Young's modulus, yield stress, elongation at the break, and fracture energy (area below the curve) were calculated.
Thermal Characterization
The thermal degradation behavior of the nanocelluloses was investigated by a standard thermogravimetric analysis (TGA) method using a TGA Q500 from TA Instruments (New Castle, DE, USA). Measurements were performed using 3-5 mg of sample in an aluminum pan under inert N 2 atmosphere with a flow rate of 50 mL/min in a temperature range from 30 to 600 • C with a heating rate of 5 • C/min. The weight loss and its first derivative were recorded simultaneously as a function of time/temperature. 
Water Uptake and Permeability
For water uptake measurements, samples were first dried by conditioning in a desiccator until no change in sample weight was measured. Dry samples were weighed (~30 mg) on a sensitive electronic balance and, then, placed in a 100% relative humidity (RH) chamber at 25 • C. Once the equilibrium was reached, each sample was again weighed and the amount of adsorbed water was calculated as the difference with the initial dry weight. Three measurements were taken and the results were averaged to obtain a mean value. Water uptake, in percentage, was calculated as indicated below:
where m f is the sample weight at 100% RH and m 0 is the sample weight at 0% RH. Water vapor permeability (WVP) of all-cellulose nanocomposites was determined at 25 • C and under 100% relative humidity gradient (∆RH %) according to the ASTM E96 standard method [56, 57] . Then, 400 µL of deionized water (which generates 100% RH inside the permeation cell) was placed in each test permeation cell (7 mm inside diameter, 10 mm inner depth). All-cellulose composites were cut into circles and mounted on the top of the permeation cells. The permeation cells were placed in a 0% RH desiccator with anhydrous silica gel used as a desiccant agent. The water transferred through the film was determined from the weight change of the permeation cell every hour over 7 h using an electronic balance (0.0001 g accuracy). The weight loss of the permeation cells was plotted as a function of time. The slope of each line was calculated by linear regression and the water vapor transmission rate (WVTR) was determined as below:
WVP measurements were replicated three times for each sample. The WVP value was calculated as follows:
where l (m) is the film thickness measured with a micrometer with 0.001 mm accuracy, ∆RH (%) is the percentage relative humidity gradient, and p s (Pa) is the saturation water vapor pressure at 25 • C (3168 Pa).
Results and Discussion

Effect of TFA/TFAA Mixture on the Cellulose Nanofibers
Short and long nanofibers (sNF and lNF, respectively) before and after TFA:TFAA treatment were morphologically characterized by AFM ( Figure 1 ). Figure 1A shows the AFM topographies of the pristine and treated cellulose nanofibers. Both types of pristine nanocelluloses exhibited a fiber morphology. The distribution of widths and lengths for each kind of nanofiber is displayed in Figure 1B . While the widths of both nanocelluloses were very similar with a maximum at~53 nm (although sNF showed a narrower distribution), the values of the length were different: the maximums were~100 and~175 nm for sNF and lNF, respectively. Over again, the distribution of sNF was narrower than the lNF. Interestingly, the mixture of solvents produced important changes in the morphology of the cellulose nanofibers ( Figure 1A ). Broadly, agglomerations of the nanoparticles and flat islands of height 2 nm were observed. Such islands could be produced by a partial solution of the cellulose by the TFA/TFAA mixture and the formation of flat, amorphous cellulose when solvents were evaporated. Similar flat and featureless AFM topography images with roughness <2 nm were obtained for cellulose bioplastics prepared in TFA [11] . The crystallinity of the cellulose nanofibers was evaluated by XRD ( Figure 2A ). The pattern of the pristine nanofibers was typical of cellulose I structure [58] . Main peaks were assigned to the following crystalline planes: (11 0) at ~15°, (110) at 17°, (200) at 23°, and (400) at 35°, while a minor amorphous contribution was observed at 21° [59] . After the solvent treatment, crystalline peaks were partially masked by the amorphous one. In fact, the CrI decreased from 58 and 45% for pristine sNF and lNF, respectively, to 13 and 24% for sNF and lNF after the TFA/TFAA treatment. Moreover, the crystallite size of cellulose was reduced from 4.0 and 4.3 nm for pristine sNF and lNF, respectively, to 2.9 and 3.1 nm for sNF and lNF after the TFA/TFAA treatment. Hence, the mixture of TFA and TFAA can partially dissolve the cellulose nanofibers, decreasing the crystallinity and the crystallite size of cellulose and originating amorphous cellulose, as observed in AFM images.
The effect of the solvent treatment in the thermal properties of the nanofibers was analyzed by TGA ( Figures 2B,C) . Pristine sNF and lNF showed a similar behavior with a single weight loss of 56% at 275 °C. On the other hand, after the solution in TFA/TFAA, both types of nanocelluloses showed two thermal events: a weight loss of 30% at 250°C and another of 17% at 275 °C. The thermal degradation at a lower temperature can be related to the partial hydrolysis of amorphous and lower molecular weight cellulose domains that appear after the solvent treatment [60, 61] , while the second one can be ascribed to the part of the nanocelluloses unaffected by the acid and the anhydride. The crystallinity of the cellulose nanofibers was evaluated by XRD ( Figure 2A ). The pattern of the pristine nanofibers was typical of cellulose I structure [58] . Main peaks were assigned to the following crystalline planes: (110) at~15 • , (110) at~17 • , (200) at~23 • , and (400) at~35 • , while a minor amorphous contribution was observed at~21 • [59] . After the solvent treatment, crystalline peaks were partially masked by the amorphous one. In fact, the CrI decreased from~58 and~45% for pristine sNF and lNF, respectively, to~13 and~24% for sNF and lNF after the TFA/TFAA treatment. Moreover, the crystallite size of cellulose was reduced from~4.0 and~4.3 nm for pristine sNF and lNF, respectively, to~2.9 and~3.1 nm for sNF and lNF after the TFA/TFAA treatment. Hence, the mixture of TFA and TFAA can partially dissolve the cellulose nanofibers, decreasing the crystallinity and the crystallite size of cellulose and originating amorphous cellulose, as observed in AFM images.
The effect of the solvent treatment in the thermal properties of the nanofibers was analyzed by TGA ( Figure 2B,C) . Pristine sNF and lNF showed a similar behavior with a single weight loss of~56% at~275 • C. On the other hand, after the solution in TFA/TFAA, both types of nanocelluloses showed two thermal events: a weight loss of~30% at~250 • C and another of~17% at~275 • C. The thermal degradation at a lower temperature can be related to the partial hydrolysis of amorphous and lower molecular weight cellulose domains that appear after the solvent treatment [60, 61] , while the second one can be ascribed to the part of the nanocelluloses unaffected by the acid and the anhydride. 
Optical and Morphological Characterization of the Nanocomposites
Transparency is an important feature of food packaging materials since it allows the consumers a visual and direct inspection of the food and it is usually characterized by UV-Vis spectroscopy [10, 62] . Figure 3A shows the transparency (i.e., the normalized transmittance calculated from these spectra as the ratio of the corresponding transmittance at 600 nm and the film thickness) for all the samples as a function of the nanocellulose content. In general, the transparency values were higher than 80%, which is considered as the lower limit for good transparency [54] . As observed, there was a relationship between the normalized transmittance and the nanocellulose content independent of the type of cellulose nanofiber used. Values ranged from 91% for cellulose to 84 and 83% for sNF30 and lNF30, respectively. Most likely, this decrease can be related to a higher light scattering induced by the cellulose nanoparticles. To corroborate this, the distribution of the nanocellulose fillers in the cellulose matrix was characterized by HR-SEM ( Figure 3B) . The cross-sections of lNF30 and sNF30 are shown in Figure 3B . While cellulose displayed a smooth, homogeneous topography (inset Figure 1A) , lNF30 and sNF30 exhibited rougher cross-sections with motifs of few tens of nanometers that can be attributed to folded or aggregated nanocelluloses. 
Transparency is an important feature of food packaging materials since it allows the consumers a visual and direct inspection of the food and it is usually characterized by UV-Vis spectroscopy [10, 62] . Figure 3A shows the transparency (i.e., the normalized transmittance calculated from these spectra as the ratio of the corresponding transmittance at 600 nm and the film thickness) for all the samples as a function of the nanocellulose content. In general, the transparency values were higher than 80%, which is considered as the lower limit for good transparency [54] . As observed, there was a relationship between the normalized transmittance and the nanocellulose content independent of the type of cellulose nanofiber used. Values ranged from~91% for cellulose to~84 and~83% for sNF30 and lNF30, respectively. Most likely, this decrease can be related to a higher light scattering induced by the cellulose nanoparticles. To corroborate this, the distribution of the nanocellulose fillers in the cellulose matrix was characterized by HR-SEM ( Figure 3B) . The cross-sections of lNF30 and sNF30 are shown in Figure 3B . While cellulose displayed a smooth, homogeneous topography (inset Figure 1A) , lNF30 and sNF30 exhibited rougher cross-sections with motifs of few tens of nanometers that can be attributed to folded or aggregated nanocelluloses. 
Mechanical Characterization of the Nanocomposites
Stress-strain curves of all-cellulose nanocomposites are shown in Figure 4A ,B. In general, the curves were typical of rigid materials with high stresses at the break and low values of elongation at the break. A strong reinforcement effect due to the addition of nanocelluloses was clearly observed. The shape of the curves depended on the amount of nanocellulose and was unrelated to the type of nanofiller used. Figure 4C shows Young's modulus values of the all-cellulose films. Initially, Young's modulus increment followed a linear trend from cellulose (~1750 MPa) to a 10 wt.% nanocellulose concentration (~4783 MPa for sNF10 and~2510 MPa for lNF10) but decreased progressively from that content with either cellulose nanofibers. The composites produced with sNF nanofibers were much stiffer than the longer ones. This is counterintuitive as longer particles are expected to better transfer load from the matrix and to form a more interconnected network. The lower rigidity can be attributed to a higher tendency to aggregation or to lower initial modulus of the longer nanofibers compared to the shorter ones. Both aspects were evaluated by modeling the composite modulus of the lNFs materials through the classic Mallick's model for laminae with randomly dispersed fibers [63] :
where E m , E f , and E c are the moduli of the matrix, the filler, and the composite, respectively, V f is the fibers' relative volume concentration, and l and d are the length and diameter of the fillers. Thus, the composite modulus depends on the filler modulus and on the l/d ratio. We assume here: (i) the geometry of both cellulose nanofibers is the one calculated by AFM and (ii) at low nanofiber concentration, the dispersion is homogeneous. From these assumptions, the value of nanofibers modulus as the only variable in Equation (1a) can be calculated by fitting the first four points measured (cellulose and the nanocomposites containing 1%, 5%, and 9% nanocellulose concentration). For lNF nanocomposites, all points yielded the same values of modulus E f ≈ 80 GPa, which is in agreement with reports of bacterial cellulose and indicates that the assumptions above are reliable [64] . From there, the differences between the model and experimental values, which is seen for higher concentrations, can be explained by fiber agglomerations. It should be pointed out that the modulus reduction, which is not fitted with Equation (1a), even for l/d = 1 (spherical-like agglomerates), suggests that for such loading, the homogeneous matrix/filler structure was not maintained and the non-continuous fibers could not bear load properly. Therefore, the model applied here can be considered valid only for low nanocellulose concentrations in which the phenomenon of nanofiber aggregation is not predominant. Similar results of the modeling were obtained for the sNF composites, with a slightly higher value of the fitting modulus (E f ≈ 90 GPa) and the same discrepancy with experimental data for concentrations above 9%. Considering other mechanical parameters ( Figure 4D-F) , yield stress followed a similar trend as Young's modulus in both families of composites. An initial strong increment (from~20 MPa for cellulose to~84 MPa for sNF5 and~73 MPa for lNF10) was followed by a progressive decline. The trend finished at~56 MPa for both sNF30 and lNF30 nanocomposites, as agglomeration took place. On the other hand, the elongation at the break showed a twofold increment (from~3.0% for cellulose to~7.1 and~8.5% for sNF and lNF films) that was maintained even at high filler concentrations. This was attributed to the bridging effect of fibers that hinder crack propagation with a toughening effect [65] . Direct measurement of the fracture energy confirmed the improvement from~37 J/cm 3 for cellulose to~449 and~510 J/cm 3 for sNF5 and lNF10, respectively, i.e., an increase of~13 times. These values decreased to~260 J/cm 3 for the samples with a 30 wt.% of nanocelluloses. 
Water Permeability and Uptake of the Nanocomposites
The water permeability was measured for the all-cellulose nanocomposites. Figure 5A presents the water permeability values versus the nanocellulose content. Pure cellulose films present a water permeability value of 1.1·10 −3 g m −1 day −1 Pa −1 (data not shown). When 1 wt.% cellulose nanofibers were added, the values were ~2.5·10 −4 and 2.9·10 −4 g m −1 day −1 Pa −1 for sNF1 and lNF1, respectively. Increasing the nanocellulose content, the values decreased linearly until the final values of 1.5·10 −4 and 1.7·10 −4 g m −1 day −1 Pa −1 for sNF30 and lNF30, respectively, i.e., a reduction of 40% for both of 
The water permeability was measured for the all-cellulose nanocomposites. Figure 5A presents the water permeability values versus the nanocellulose content. Pure cellulose films present a water permeability value of 1.1·10 −3 g m −1 day −1 Pa −1 (data not shown). When 1 wt.% cellulose nanofibers were added, the values were~2.5·10 −4 and 2.9·10 −4 g m −1 day −1 Pa −1 for sNF1 and lNF1, respectively. Increasing the nanocellulose content, the values decreased linearly until the final values of 1.5·10 −4 and 1.7·10 −4 g m −1 day −1 Pa −1 for sNF30 and lNF30, respectively, i.e., a reduction of~40% for both of them. This decrease can be explained by the increasing tortuosity through the nanocomposite cross-section during water migration. Thus, for the samples containing 1 wt.% nanocellulose, water can easily find a way through the cellulose matrix, which is mainly amorphous [11] . On the other hand, for samples with a 23 wt.% nanocellulose, there are many obstacles-i.e., relatively crystalline, aggregated cellulose nanofibers-that increase the path that water molecules travel to leave the composite. Small differences were found between the two sources of nanocellulose used in this study, being slightly higher values for the films prepared from shorter cellulose nanofibers. This can be explained by a different aggregation and/or folding of these nanocelluloses during the fabrication process, as discussed during the mechanical characterization.
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Conclusions
In this work, we showed that a mixture of TFA and TFAA can be used as a solvent to produce all-cellulose nanocomposites from microcrystalline cellulose and cellulose nanofillers (i.e., short and long nanofibers). Cellulose nanofibers were partially dissolved during the production process, increasing the content of the amorphous phase and reducing the crystallite size of cellulose. This allowed good compatibility with the cellulose matrix. The nanocellulose content affected the final Water uptake was also evaluated for all the samples ( Figure 5B ). Almost no differences were found with changing the percentage of nanocellulose. The mean water uptake for the nanocomposites was 34%. This behavior can be explained for the fact that both amorphous cellulose acting as a matrix and nanocelluloses as reinforcements have the typical hydrophilic character of cellulose. Therefore, from a water protection point of view, this material does not provide moisture protection. Nevertheless, further investigations are required to clarify whether water can act as a plasticizer of all-cellulose composites in a similar way as described in the literature for other biopolymers [66] .
In this work, we showed that a mixture of TFA and TFAA can be used as a solvent to produce all-cellulose nanocomposites from microcrystalline cellulose and cellulose nanofillers (i.e., short and long nanofibers). Cellulose nanofibers were partially dissolved during the production process, increasing the content of the amorphous phase and reducing the crystallite size of cellulose. This allowed good compatibility with the cellulose matrix. The nanocellulose content affected the final properties of the composites: keeping excellent transparency, improving mechanical properties, and relatively reducing the water permeability. These characteristics can be exploited in their potential application as food packaging films. 
